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Abstract 

The Drosophila indirect flight muscles (IFM) rely on an enhanced stretch-activation response to generate high power output 
for flight. The IFM is neurally activated during the male courtship song, but its role, if any, in generating the small amplitude 
wing vibrations that produce the song is not known. Here, we examined the courtship song properties and mating behavior 
of three mutant strains of the myosin regulatory light chain (DMLC2) that are known to affect IFM contractile properties and 
impair flight: (i) Dm/c2 A2 " 46 (Ext), an N-terminal extension truncation; (ii) Dm/c2 S66A ' S57A (Phos), a disruption of two MLC 
kinase phosphorylation sites; and (iii) Dm/c2 A2 ~ 46;S66A,S57A (Dual), expressing both mutations. Our results show that the 
Dmlc2 gene is pleiotropic and that mutations that have a profound effect on flight mechanics (Phos and Dual) have minimal 
effects on courtship song. None of the mutations affect interpulse interval (IPI), a determinant of species-specific song, and 
intrapulse frequency (IPF) compared to Control (Dm/c2 + rescued null strain). However, abnormalities in the sine song 
(increased frequency) and the pulse song (increased cycles per pulse and pulse length) evident in Ext males are not 
apparent in Dual males suggesting that Ext and Phos interact differently in song and flight mechanics, given their known 
additive effect on the latter. All three mutant males produce a less vigorous pulse song and exhibit impaired mating 
behavior compared to Control males. As a result, females are less receptive to Ext, Phos, and Dual males when a Control 
male is present. These results open the possibility that DMLC2, and perhaps contractile protein genes in general, are partly 
under sexual selection. That mutations in DMLC2 manifest differently in song and flight suggest that this protein fulfills 
different roles in song and flight and that stretch activation plays a smaller role in song production than in flight. 
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Introduction 

Muscle is well known for its ability to generate force through a 
contractile mechanism that involves sliding of myosin-containing 
thick filaments pass actin-containing thin filaments. A fundamental 
outcome of the force is movement, principal among which is 
animal locomotion. The ability to fly, present in the majority of 
insect species including Drosophila, is generally considered one of 
the main driving forces in the evolution of insects due to the fact 
that it facilitates escape from predators, dispersal, colonization of 
new niche, and subsequent speciation [1,2]. Another factor that 
contributes to speciation is acoustic communication and the role it 
plays in pre-mating reproductive isolation in many animals [3-7], 
including most insects [8,9] . In Drosophila, males generate species- 
specific courtship songs of rhythmic pulses and sinusoidal hums 
generated by small amplitude wing vibrations [10—14]. During 
singing, the thoracic flight musculature, consisting of direct flight 
muscles and indirect flight muscles (IFM), is neurally activated 
[15,16]. However the precise roles of these muscles in generating 
the song have not been investigated. There is strong evidence the 
IFM has evolved mechanisms that enable exceptionally high wing- 



beat frequencies (approximately 200 Hz in Drosophila) required for 
powered flight [17]. In contrast, Drosophila mating does not occur 
aerially and therefore the males do not need to overcome drag and 
lift forces during singing. Furthermore, males beat only one wing 
at a time during singing (reviewed in [12]) with an amplitude that 
is l/4 th of that during normal flight [18]. Courtship song carrier 
frequencies reportedly have broad distributions with the D. 
melanogaster intrapulse song frequency (IPF) ranging from 150— 
350 Hz [19], with a median value of 240 Hz [20] and the sine 
song frequency (SSF) ranging from 110-185 Hz [21], with a 
median value of 130 Hz [22]. In comparison, the wing beat 
frequency during flight varies from 190-230 Hz [23]. It is not 
known how the different wing beat frequency ranges are generated 
by the same musculature. Therefore, IFM provides an excellent 
system to understand the contractile mechanisms of behavioral 
outputs with unique power output requirements, especially with 
song being very distinct from flight from an ecologocial, 
evolutionary, and physiological standpoint. 

In order to understand how muscle protein genes are utilized for 
the two distinct IFM-driven behaviors, and to gain insight into the 
contractile mechanism used for song generation, we tested the 
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effect of mutations of the Drosophila myosin regulatory light chain 
(DMLC2) (see Figure 1 in [24]), a highly conserved thick filament 
protein [25]. Two mutations, a truncation of the 46 amino acid N- 
terminal extension (Dm/c2 A2 46 or Ext) and alanine substitutions of 
two myosin light chain kinase phosphorylation sites 
(Dm/c2 S66A ' S67A or Phos) have no major effect on IFM ultrastruc- 
ture [24,26-30], thus enabling an understanding of how DMLC2 
influences courtship song mechanics without the confounding 
effect that structural abnormalities may contribute. The mutations 
are known to have a large effect on myosin kinetics, wing beat 
frequency, and flight performance [24], without having any major 
effect on calcium activated isometric tension [26-28]. Dm&2 A2 ~ 46 
(Ext) reduces flight ability, wing beat frequency, and the frequency 
of maximum power output by moving the myosin heads farther 
away from actin target zones [24]. Dm/c2 S66A ' S67A (Phos) further 
reduces all three aforementioned parameters by increasing the 
angular mobility of myosin heads which effectively reduces the 
proportion of myosin heads that are properly oriented towards 
actin target zones for strong binding [24,30]. The effects of the 
individual mutations are further compounded when expressed 
together, as is the case in the dual mutant Drosophila transgenic line 
Dm/c2 A2 ~ 46;S66A ' S67A (Dual) [24,30]. This mutant shows alterations 
in both myosin head orientation to the thin filament, and 
alignment to target zones. In addition, Miller et al [24] reported 
that Dual flies are unable to fly or beat their wings during the 
tethered flight assay. 

The above findings on the DMLC2 mutations indicate that the 
N-terminal extension and the phosphorylation of serines 66 and 67 
serve to enhance power output and improve flight performance. In 
this study, we examined the effect of Ext, Phos, and Dual on 
courtship song properties, mating behavior, and reproductive 
success. We report that males from all three DMLC2 mutant 
strains are capable of generating a courtship song with sine and 
pulse elements. Deletion of the N-terminal extension affects several 
song parameters; however, most song parameters are normal in 
Dual. The results indicate that the two attributes of DMLC2, N- 
terminal extension and phosphorylation, interact very differendy 
in the mechanisms responsible for flight and song. 

Results 

Tethered Dmlc2 Mutant Males Do Not Beat their Wings 

Miller et al. [24] had shown that females of the single mutants 
(Ext, Phos) are flight impaired and have a lower wing beat 
frequency compared to Control females, while Dual mutant 
females are flightless and produce no wing beat (Table 1 and also 
Table 1 in [24]). Since this study focuses on the male courtship 
song, we first tested the mutant males' wing beat frequency during 
tethered flight. No difference was found in comparing the tethered 
wing beat frequencies of the males with the females of the same 
mutant strain (Table 1). Also, there was no sex difference in flight 
abilities of the mutant males (data not shown). 

Flight Compromised Dmlc2 Mutant Males are Capable of 
Generating Courtship Song 

All the mutant males (Ext, Phos and Dual) are capable of 
generating pulse songs and sine songs as shown by representative 
oscillograms (Figures 1, 2A, and 3A) and the song audio clips 
(Audios SI, S2, S3, and S4). The amplitudes of the sine and pulse 
songs are influenced by the relative position of the singing male to 
the microphone. Therefore, the differences in amplitude evident in 
the figures do not represent measurable differences in song quality. 
A more accurate parameter is the amplitude ratio of sine song to 
pulse song (AMP-RT; see Table SI for definition of song 



parameters) during the transition between song types because 
both sine and pulse component of that transiton event is likely to 
occur at the same distance from the microphone [31]. 

Dmlc2 Single Mutations Increase Sine Song frequency 

Males of the single mutant strains produce sine songs with 
abnormally high SSF (215±5 Hz for Ext and 176±4 Hz for Phos) 
compared to Control males (131 ±1 Hz). In contrast, the SSF of 
Dual males is similar to that of Control males (137 ±2 vs 
131 ±1 Hz, respectively) indicating that the single mutations are 
mutually suppressing each other's effects (Figure 2B). There was 
no significant difference in sine song burst duration (SDUR, 
Figure 2C) between the mutants and Control, suggesting that the 
single mutations do not affect the sine singing vigor. 

Dmlc2 Mutations have Minor Effects on Pulse Song 

The Ext mutant males produce more cycles per pulse (CPP, 
Figure 3B) and a concomitant increase in pulse length (PL, 
Figure 3C) compared to Control, Phos, and Dual. In contrast to 
the reduced or abolished flight wing beat frequencies in the Dmlc2 
mutant males (Table 1), the IPF (Figure 3D) is similar in all three 
mutants compared to Control. Phos males shows slightly lower IPF 
than Ext or Dual males, but not compared to Control males 
(Figure 3D). None of the Dmlc2 mutations have an effect on inter- 
pulse interval (IPI, Figure 3E), one of the salient parameters under 
sexual selection in the melanogaster subgroup [14,22,32]. 

Pulse singing by Control males accounts for approximately 
7.2% of the total courtship recording time or pulse duty ratio 
(PDC). While neither single mutant affects PDC, Dual males show 
approximately 85% decrease in PDC compared to Control males 
(Figure 3F). AMP-RT is higher for all three mutant males 
compared to Control males (Figure 3G) indicating either the 
mutants sing with a louder sine song or a softer pulse song. 

Dmlc2 Mutations Affect Male Courtship Success 

We tested males in single pair mating assays with wild type (OR) 
females and found that all the mutant males engage in courtship, 
albeit at much reduced levels compared to Control (Figure 4). The 
wing extension index (WEI) of all the mutants, especially Ext, is 
significandy reduced compared to Control, while the courtship 
index (CI) is reduced in Ext and Phos but not in Dual. Despite the 
handicaps in courtship performance, mutant males achieved 
100% mating success within the courtship recorded time (see 
Materials & Methods). 

To understand if the mutations' effects on song and courtship 
affect their reproductive success, we conducted pairwise mating 
competitions of each mutant strain with a Control male for an OR 
wild-type female. All the mutant males were outcompeted by 
Control males as determined by female preference index (FPI) 
(Videos SI, S2, S3, Figure 5A). In the case of Ext and Dual, female 
choice was nearly 100% for Control male, whereas female 
preference was 60% higher for Control males than for Phos 
males. All mutant males exhibited lower courtship performance in 
the presence of a Control male, indicated by a lower CI and WEI 
(Ext and Dual) or lower WEI (Phos) (Figure 5B, C). Ext males are 
outcompeted by Phos and Dual males (Videos S4 and S5, 
Figure 5A) and show significantly reduced CI and WEI (Figure 5B, 
C). Dual males, which showed the least song aberrations 
compared to other mutants based on the number of parameters 
affected (Figure 3F,G), were able to outcompete Ext males (Video 
S5, Figure 5A) most likely due to their higher CI and WEI 
(Figure 5B, C). There is no female preference between Dual and 
Phos males when presented with the choice (Figure 5A). These 
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Figure 1. Courtship song oscillogram samples of control and mutant lines. Courtship song samples from transgenic males (A) Control, (B) 
Ext (C) Phos, and (D) Dual. In all cases, male courtship song was induced by the presence of a wild type (Oregon R) virgin female D. melanogaster. All 
strains produce sine song and pulse song. Song recording was done at 22 C and 70% humidity in a dark room, with the only light source inside the 
song recording chamber [59,60], The samples here were retrieved with Audacity software. 
doi:1 0.1 371 /journal.pone.0090077.g001 



Table 1. Summary of female and male tethered flight wing beat frequency. 





Line 


Female wing beat frequency (Hz) 1 


Male wing beat frequency (Hz) 


Dm/c2 + (Control) 


202 ±3 (52) 


196±2 (10) 


Dmlc2 J2 - 46 lExt) 


165 ±2* (44) 


170±3* (10) 


Dmlc2 s66AS67A (Phos) 


158±3* (11) 


168±7* (10) 


Dm lc2^- 46 - s66AS67A (Dual) 


0±0* s (30) 


0±0* s (10) 



Values from ref [24]. All values are mean ± SEM. Numbers in parenthesis indicate number of flies tested. Temperature = 22 C C. 

*Significant difference from Dmlc2 + . 

Significant difference from Dmk2 A2 - 46 and Dmlc2 s66A567A . 

doi:1 0.1 371 /journal.pone.0090077.t001 
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Figure 2. Dmlc2 mutations affect sine song frequency. (A) Representative sine song oscillograms from Control, Ext, Phos and Dual males are 
shown (top to bottom panels, respectively). (B) Compared to Control (blue), sine song frequency is significantly higher in Ext (red) and Phos (green) 
mutants but similar in the Dual mutant (yellow). Also note that Ext mutant sings with a significantly higher sine song frequency compared to Phos 
and Dual mutants. (C) Sine song burst duration (SDUR) is similar for all the lines. See Materials and Methods and ref [76] for details and retrieval 
method of the sine song parameters. n = 7-8 males for each line. *(p<0.0001), § (p<0.0001) and fi (p<0.0001) indicate significant difference from 
Control, Ext, and Phos respectively. Error bars indicate SEM. 
doi:1 0.1 371 /journal.pone.0090077.g002 



mutant males exhibited similar CI and WEI when competing for 
an OR female (Figure 5B, C). 

Discussion 

The Dmlc2 mutations studied here have been extensively 
characterized for their effect on IFM and myofilament lattice 
structure, muscle fiber mechanical properties, and whole organ- 
ismal flight performance [24,26-30]. Here, we show that Ext, 
Phos, and Dual have distinct effects on courtship song and mating 
behavior, thus presenting an opportunity to elucidate the role of 
the IFM in non-flight behaviors. Importandy, this work contrib- 
utes to our understanding of the extent to which IFM's genetic and 
physiological pathways are shared between flight and courtship, 
two insect behaviors that are fundamental to survival and 
reproduction and that are likely shaped by separate evolutionary 
mechanisms. The inability of Ext and Phos mutant males to 
engage in significant courtship behavior and compete for female 
preference versus a non-mutant male raises the possibility that at 
least some regions of the Dmlc2 gene are under sexual selection. 



Our finding that all three DMLC2 mutant strains are capable of 
producing pulse and sine songs (Figure 1) show that these 
mutations have a less pronounced effect on courtship song 
generation compared to flight. This is most evident in the Dual 
mutant. A previous study showed that 100% of the Dual female 
flies tested were unable to fly when released into a flight chamber 
and none of the mutant female flies tested for tethered flight 
produced a wing beat [24] . A similar result was obtained here for 
Dual males (Table I). There are several explanations for the 
differences in functional effects. First, the power requirements for 
song are expected to be much less than for flight and therefore the 
mutations are less penetrant in the former than the latter. The 
high power output demands for flight are met by an enhanced 
stretch activation response. The enhancement is the result of 
biochemical and structural adaptations that bring about, among 
several features, a superfast myosin [33] and a beautifully ordered 
myofilament lattice structure [34,35]. These features may play a 
smaller role in the mechanism for song generation since song 
generation carries neither the energetic nor aerodynamic demands 
of flight. Unlike flight, sine song production may not require 
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Figure 3. Effect of Dmlc2 mutations on pulse song properties. (A) Representative pulse song oscillograms from Control, Ext, Phos and Dual 
males (top to bottom panels, respectively). (B) Phos and Dual males sing with similar cycles per pulse (CPP) and (C) pulse length (PL) compared to 
Control males. Ext males produce songs with higher CPP and longer PL (D) All the mutant males produce pulse song with normal intrapulse 
frequency (IPF), with only the Phos mutants' IPF showing a slight reduction compared to Ext and Dual. (E) None of the mutations affect interpulse 
interval. (F) The Dual mutant has significantly reduced pulse duty cycle compared to Control, Ext, and Phos. (G) Amplitude ratio (AMP-RT) of 
consecutive sine to pulse song is significantly higher in individual (Ext, Phos) and Dual mutants compared to Control. n = 7-8 males for each line. 
*(p<0.05), ***(p<0.001), ****(p<0.0001) indicate significant differences from Control. § (p<0.05), Q. (p<0.05) and A (p<0.05) indicate significant 
difference from Ext, Phos and Dual mutants, respectively. Error bars indicate SEM. 
doi:1 0.1 371 /journal.pone.0090077.g003 



activation of all motor units indicating that its power demands are 
lower than flight [15,16,36]. This is further supported by the 
observation that during courtship song, wing stroke amplitude 
(which correlates well with force [37,38] and power output [39] of 
the flight system) is much lower than during flight [18]. Thus, it is 
possible that a subdued stretch activation is more than sufficient to 
generate the power for song production. Other observations that 
are consistent with this interpretation include the much slower rate 
of motorneuron firing during sine song as compared to flight, and 
the lower frequency of sine song as compared to flight [15]. 

Second, song production may rely largely or entirely on Ca 2+ 
activation. This possibility is rendered more likely by the 
observation that neither Ext nor Phos affect calcium-activated 
tension in skinned IFM fibers [26-29]. 

Results showing that none of the DMLC2 mutations have an 
effect on IPI, the interval between successive pulses (Figure 3E) 
suggest that pulse initiation occurs normally. Ewing [15] has 
shown that muscle potentials during pulse song are more closely 
spaced than during sine song. Additionally, he showed that the 
activities of all the IFM motor units correlated with the timing of 
sound pulses and the muscle potentials functionally relate to the 
subsequent but not the preceding sound pulses. If, as expected, the 



muscle potentials lead to intracellular calcium release then it is 
reasonable to assume that pulses are regulated in a calcium- 
dependent manner. Further support for a calcium activated pulse 
comes from the observation that the timing between the muscle 
potential and the sound pulse (16 ms) is slighdy longer than the 
timing between the flight starter jump and the first wing beat for 
flight (12 ms) [15,40], a delayed response that may result from 
slow calcium diffusivity given the scarcity of sarcoplasmic 
reticulum in the IFM. 

Recent studies have shown that Drosophila modulates IFM power 
output during flight through a calcium-dependent mechanism 
[36,41,42]. Work-loop analysis of IFM fibers showed that power 
output increases with increasing calcium concentration, indicating 
that a calcium-based mechanism can contribute to force above 
and beyond the force generated by stretch activation [41]. One 
explanation for this observation is that calcium is recruiting a 
different population of crossbridges than are being recruited 
through stretch, a distinction made possible by the co-expression 
of two isoforms of troponin C, one that responds to calcium 
(DmTnCl) and another that responds to stretch (DmTnC4) 
[43,44]. The co-existence of two regulatory mechanisms may also 
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Figure 4. Dmlc2 mutations affect courtship behavior. Single pair mating assays, consisting of a wild-type (OR) female and a male of Control or 
mutant strain were performed to assess male courtship vigor. (A) Courtship index (CI) and (B) Wing extension index (WEI). Ext and Phos mutants had 
significantly reduced CI, and Dual mutant's CI is marginally reduced compared to Control (p = 0.054). Ext, Phos, and Dual mutants had significantly 
reduced WEI compared to Control (B). The Ext mutant, in particular, had the greatest reduction in CI and WEI compared to Control and Dual, n = 4-6 
for each mating competition group. *(p<0.05) indicate significant difference from Control. 5 (p<0.05) indicate significant differences from Ext 
mutant. Error bars indicate SEM. 
doi:1 0.1 371 /journal.pone.0090077.g004 



explain why DMLC2 mutations affect flight mechanical param- 
eters more drastically than song parameters. 

The observed differences in pulse song among the mutant 
strains also point to a calcium-dependent mechanism. Unlike Phos 
and Dual, Ext shows longer PL compared to Control (Figure 3B, 
C). Calcium sensitivity of oscillatory work output is decreased in 
Ext IFM fibers [29]. Lower calcium sensitivity could result in 
reduced myosin head cooperativity and thin filament regulatory 
unit interactions, reducing the rate of force development and 
decay [45—48]. Thus, the longer pulses could be a reflection of 
deficiencies in the underlying activation kinetics. Another factor 
contributing to extended pulses in Ext could be the tendency of 
weakly bound cross-bridges to remain attached longer than 
normal cross-bridges [24] . However, it is not clear how long-lived 
weakly bound cross-bridges account for the other unique feature of 
Ext song, the increase in CPP. The N-terminal extension of the 
vertebrate essential light chain (ELC) has been shown to act as an 
internal load through its connection to the thin filament [49,50] . If 
the RLC N-terminal extension fulfills a role similar to the ELC 
extension, as has been proposed [29], the reduction in internal 



load could affect myosin cycling kinetics and hence the number of 
cycles within a pulse per unit time. 

The nature of the interaction between N-terminal mutation and 
the phosphorylation mutation in the Dual strain is intriguing. 
While the two mutations have been reported to combine additively 
to impair flight performance in Dual [24], no such effect is seen in 
any of the song properties. Quite the opposite, the high SSF 
evident in Ext and Phos is restored in Dual, and Phos suppresses 
the abnormal CPP and PL produced by Ext. It is possible that the 
observed flightlessness and absence of a wing beat is a behavioral 
problem and not a physiological problem (i.e., Dual flies are 
capable of beating their wings but unwilling to do so). We consider 
this possibility unlikely. As shown by Miller et al. [24], the 
maximum power output and the frequency of maximum power 
output are significantly reduced in active IFM fibers from Dual in 
comparison to active IFM fibers from Control, Ext, and Phos, 
when compressed to in vivo lattice spacing with Dextran T-500. As 
inertial power is the main contributor to mechanical power at 
flight initiation [23], the absence of a wing beat in Dual flies can be 
explained by the inability of their flight muscles to generate 
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Figure 5. Dmlc2 mutations affect male courtship vigor and female preference. (A) Female preference index (FPI) is the relative advantage of 
a male of specific genotype over a male of a different genotype, i.e., the excess number of copulations with a male of specific genotype divided by 
the total number of copulations [62]. Negative FPI indicate the Ext (red), Phos (green) and Dual (yellow) mutant males were out-competed by the 
Control male for female preference. Positive FPI indicate the Phos (green) and Dual (yellow) mutant males individually out-competed the Ext mutant 
males. There is no female preference for Phos or Dual males (FPI = 0). (B-C) Male courtship vigor in competitive mating situation was calculated via. 
courtship index (CI) and wing extension index (WEI). Ext and Dual mutants had significantly reduced CI and WEI but Phos mutant had only 
significantly reduced WEI compared to Control. In competition between mutants, Phos and Dual mutants have significantly higher CI and WEI 
compared to the Ext mutant. There is no difference between Phos and Dual. n = 20-30 for each mating competition group. *(p<0.05) indicate 
significant difference from Control. § (p<0.05) indicate significant differences from Ext mutant. No error bars in (A), (B-C) error bars indicate SEM. 
doi:1 0.1 371 /journal.pone.0090077.g005 



enough power, at the proper frequency, to overcome the inertia of 
the wings. 

Despite the relatively mild effects on courtship song, the mutant 
males do not perform well in single pair mating assays with wild 
type OR females. Ext and Phos males, but not Dual males, showed 
significant reductions in CI while all three strains exhibited greatly 
reduced WEI compared to Control males (Figure 4). As the 
DMLC2 mutations are expressed in all muscles [26,27,30,51], the 
behavioral differences are likely due to the effect of the mutations 
on direct flight muscles which may impair the male's ability to 
extend out the wing (e.g., the second basalar responsible for 



moving the wing forward, [40]). In fact, most of the reduction in 
CI can be explained by the decrease in WEI as the two indices 
closely track each other. 

In the courtship competition assays, wild-type females over- 
whelmingly preferred Control males over males of any of the three 
mutant strains (Figure 5). Ext and Dual males were rejected in 
100% of the competitions while Phos males were rejected 60% 
more often than Control males when paired in competition. The 
low mating success of mutant males is likely due to the mutations' 
effects on AMP-RT and WEI, the only two parameters that are 
affected in all the mutant strains. The reduction in AMP-RT can 
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result from either an increase in the amplitude of the sine song or a 
decrease in the amplitude of the pulse song. Several studies have 
concluded that con-specific female choice is largely influenced by 
the quality of the pulse song, with the sine song playing little to no 
effect [22,52,53]. In the case of the competitions, a common 
observation was that Control males were more mobile and tended 
to gain close access to the female more quickly than mutant males 
(Videos S1-S3). Since males rely on a loud pulse song to initiate 
courtship with females that are at a distance [54], the lack of 
physical proximity and a lower pulse song amplitude combine to 
seriously handicap the mutant male's chances of copulation. These 
results demonstrate that DMLC2 plays an essential role in 
courtship and mating success and that sexual selection may place 
constraints on the evolution of this protein. 

While questions remain about which specific pulse song 
component is most influential in female choice, several studies 
have indicated that PDC is more important than IPF and IPI 
[20,22]. In the case of Dual males, a lower PDC (Figure 3F) is 
likely to further reduce mating competitiveness. Despite the 
reduction in PDC, Dual males outcompete Ext males who 
produce songs with normal PDC (Figure 3F) but longer pulses 
with more cycles (Figure 3B, C) that, given the female's preference 
for robust pulse songs, should had conferred an advantage to Ext. 
However, this advantage is neglected by Ext males' reluctance to 
engage in courtship as evidenced by their gready suppressed CI 
and WEI, whether alone with a female (Figure 4) or in the 
presence of a competing male (Figure 5). Additionally, the sine 
song produced by Ext males has a much higher frequency than the 
sine song produced by any of the other three strains studied 
(Figure 2). While the role of the sine song is debatable [22], several 
studies have suggested that it serves to prime the female to 
copulation [52,53,55]. Regardless of which song or behavioral 
parameter is most important for successful courtship and 
copulation, our results are consistent in showing that the N- 
terminal extension may be under greater sexual selection 
constraints than the highly conserved phosphorylation sites (serine 
66 and serine 67). 

Conclusion 

Here, we show for the first time that mutations in a gene 
encoding a muscle contractile protein (myosin regulatory light 
chain) have distinct effects on courtship song and mating behavior. 
This adds a new category of genes known to influence Drosophila 
courtship that have specific effects in other physiological processes 
[56]. An N-terminal deletion of DMLC2 affects the sine and pulse 
elements of the song and impairs behaviors that are typical of the 
mating ritual. Mutations that abolish two phosphorylation sites 
also impair mating behavior but do not affect pulse song elements 
known to be important in conspecific mate choice [22]. 
Surprisingly, the defective song elements manifested in the single 
mutant lines are suppresed in Dual, a trangenic line expressing the 
N-terminal deletion and the phosphorylation sites mutations. This 
interaction is the opposite of that observed in flight mechanics and 
IFM structure in which the combination of the two types of 
mutation has an additive effect [24,30] . These results suggest that 
the DMLC2 requirements for flight and song are different. This 
could be due to: (i) different functions of DMLC2 in flight and 
song; (ii) different requirements of the IFM in flight and song, 
either in magnitude or mechanism. In conclusion, mutations in 
Dmlc2 (and perhaps other muscle protein genes) are pleiotropic 
with respect to flight and song. As these two behaviors are subject 
to different selection pressures, a comparative analysis of mutation 
effects on flight and song can reveal how individual genes respond 



to competing pressures and evolve under different selection 
mechanisms. 

Materials and Methods 

Drosophila Lines Used 

The wild type D. melanogaster stock is a laboratory strain of 
Oregon R (OR). The generation of the following transgenic strains 
used in this study has been previously described: (i) Control, strain 
expressing full length myosin regulatory light chain (Dmk2) [51]; 
Ext, strain expressing myosin regulatory light chain with truncated 
N-terminal extension (Dm/c2 A2 ~ 46 ) [27]; Phos, strain expressing 
myosin regulatory light chain with disrupted myosin light chain 
kinase phosphorylation sites (Dm/c2 S66A,S67A ) [26]; Dual, strain 
expressing myosin regulatory light chain with both the phosphor- 
ylation and the N-terminal truncation mutations (Dmlc2 A2 ~ 46 ' 
S66A,S67Aj ^ transgenes are expressed in a myosin regulatory 
light chain null background. The mutant proteins that are 
expressed in each of the above-mentioned lines are pictorially 
diagrammed in Figure 1 in [24]. The flies were raised in standard 
cornmeal food and maintained at 22°C and 70% humidity in a 
room with 12:12 hr light:dark cycles. 

(see http://stockcenter.ucsd.edu/info/food_cornmeal.php for 
ingredients and recipe). 

Flight Performance 

Flight tests and wing-beat frequency analysis were performed as 
previously described [57]. 

Courtship Song Recording 

Virgin males and females were collected using CO z . Males were 
aspirated into single vials and kept isolated for 24 hrs before 
testing so as to nullify any grouping effect and to increase amount 
of song production [58]. Males aged 3 days and females aged 
24 hrs or less were used for courtship song assays to stimulate the 
males to produce more songs. A male and a female were aspirated 
into a small plexiglass mating chamber (1 cm diameter x 4 mm 
height) and placed inside an INSECTAVOX [59] for song 
recording for 30 minutes duration. For details, see [60] . 

Courtship Song Analysis 

The recorded songs from the INSECTAVOX were extracted 
either with Audacity (http:/ /audacity.sourceforge.net/) or directiy 
digitized using Goldwave v5.58 software [61]. The digitized 
waveform of the recorded songs were then logged and manually 
analyzed in Goldwave v5.58 to extract courtship song parameters. 
For list of song parameters and details of courtship song analysis 
procedure, see Table SI and [60]. 

Single Pair Mating Assay 

Three to five day old virgin males and females were used. Each 
assay consisted of one male of a transgenic strain and one wild type 
(Oregon R) female introduced into a plexiglass mating chamber 
(1 cm diameter x 4 mm height). The courtship activities were 
video recorded until successful copulation, or longer (30-50 
minutes) in the absence of copulation, using a 65X SD camcorder 
(Samsung) mounted on a tripod. The assays were done under 
room light at 22°C temperature and 70% humidity. From the 
videos, CI and WEI were calculated for each male as described in 
[13]. Briefly, CI is the fraction of the total recording time the male 
displayed courtship behaviors (orienting, chasing, tapping, licking, 
singing, copulation attempts), and WEI is the fraction of the total 
recording time the male extends and vibrates a wing for singing 
(Table SI). 
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Courtship Competition Assay 

Three to five day old virgin males and females were used. 
Twenty four hours before testing, the males were anesthetized with 
CO2 and one of them was marked on its thorax with a neon- 
orange paint using a fine point paintbrush. Two males (one 
marked and one unmarked) of different transgenic strains and one 
wild type OR female were introduced into a plexiglass mating 
chamber (1 cm diameter x 4 mm height) and courtship activities 
were video recorded for 30-50 minutes using a 65X SD 
camcorder (Samsung) mounted on a tripod (Vanguard). The 
assays were done under light at 22°C temperature and 70% 
humidity. The competition videos were observed and the strain of 
the male that succeeded in courting and copulating with the wild 
type female was noted. Female preference index (FPI) was 
calculated as the relative advantage of the mutant male over the 
Control male (i.e., the excess copulations with the mutant male 
divided by the total number of copulations, [62]). When 
competing Ext to the other two mutants, FPI was calculated as 
the relative advantage of the non-Ext mutant males compared to 
Ext. Courtship index (CI) and wing extension index (WEI) were 
also calculated for each male as described in [13] to note the strain 
of the male that outcompeted the other in performing the 
courtship rituals. 

Statistical Analysis 

All values are mean ± SE. Statistical analyses were performed 
using SPSS (v.20.0, SPSS, Chicago, IL), with values considered 
significant at p<0.05. One-way ANOVA followed by a post-hoc 
test by Fischer's LSD pairwise comparisons between any two 
groups was used to examine differences between the Ext, Phos, 
Dual and Control for all variables. For statistical analysis on 
courtship song data, the average value of each song parameter was 
calculated for each fly; hence the number of statistical samples is 
the number of flies. 

Supporting Information 

Table SI Male courtship song and behavioral parame- 
ters. 

(DOCX) 

Audio SI Male courtship song (sine and pulse) sample 
of Control male in the presence of a wild type (Oregon R) 
female. 

(MP3) 
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